Data in B-meson decays indicate violations of lepton flavour universality, thereby raising the question about such phenomena in the charm sector. We perform a model-independent analysis of NP contributions in (semi)-leptonic decays of D (s) mesons which originate from c → d¯ ν and c → s¯ ν charge-current interactions. Starting from the most general low-energy effective Hamiltonian containing fourfermion operators and the corresponding short-distance coefficients, we explore the impact of new (pseudo)-scalar, vector and tensor operators and constrain their effects through the interplay with current data. We pay special attention to the elements |V cd | and |V cs | of the Cabibbo-Kobayashi-Maskawa matrix and extract them from the D (s) decays in the presence of possible NP decay contributions, comparing them with determinations utilizing unitarity. We find a picture in agreement with the Standard Model within the current uncertainties. Using the results from our analysis, we make also predictions for leptonic D + (s) → e + ν e modes which could be hugely enhanced with respect to their tiny Standard Model branching ratios. It will be interesting to apply our strategy at the future high-precision frontier.
Introduction
Forty-five years after the discovery of the charm quark, flavour physics has developed into a broad line of research, allowing us to probe the Standard Model (SM) with unprecedented sensitivity to new interactions and particles at energy scales far beyond the TeV regime which is directly accessible at the Large Hadron Collider (LHC) today [1] .
In these explorations, decays of B mesons usually play the key role. Measurements by the BaBar, Belle and LHCb collaborations of processes originating from b → c −ν and b → s + − quark-level transitions indicate deviations from the SM, where the following observables are in the focus ( = e, µ):
The experimental values of these ratios show tensions with respect to the corresponding SM predictions at the (2-3)σ level (for recent reviews, see, e.g., Refs. [2, 3] ). In particular, the data raise the exciting question of a possible violation of a central feature of the SM: lepton flavour universality (LFU). On the theory side, various models of New Physics (NP), i.e. physics lying beyond the SM, have been proposed that could explain the B-decay anomalies, allowing in particular also for violations of LFU. Important specific scenarios are given by leptoquark models [7] [8] [9] [10] [11] , Z models [12] [13] [14] or Two-Higgs-Doublet models [15] [16] [17] , implying usually a rich phenomenology of patterns and correlations among various observables.
In view of the potential violation of LFU in B-meson decays, it is interesting to search for such phenomena and possible signals of physics beyond the SM also in the charm sector. In fact, in NP scenarios allowing us to describe the B decay anomalies, effects may also arise in weak decay processes of D mesons. In Ref. [18] , rare decays of the kind D → π and D s → K have recently been analyzed. These modes arise form flavour-changing neutral current (FCNC) interactions and are the counterparts of the rare B decays entering the R K ( * ) ratios in Eq. (1) . Such processes are usually considered as particularly powerful NP probes as they are not allowed in the SM at the tree level but originate from quantum fluctuations at the loop level. However, decays caused by charged-current interactions at the SM tree level may also be affected by NP effects, as indicated by the R D ( * ) observables in Eq. (1) . This opens up the door to investigate such NP effects in the corresponding decays of charmed mesons as well [19] .
In this paper, we shall probe LFU violating effects through (semi)-leptonic D (s) -meson decays, applying the strategy proposed in Refs. [20, 21] for (semi)-leptonic decays of B (s) mesons. Precise lattice QCD calculations and experimental information on leptonic and semileptonic decays of D (s) mesons, arising from c → d¯ ν or c → s¯ ν quark-level transitions, allow us to test LFU in the charm sector. In particular, we constrain short-distance coefficients describing physics beyond the SM through a comparison of theoretical calculations with experimental data. Furthermore, we will extract the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements |V cd | and |V cs | from weak charm decays, also in the presence of NP contributions, and will make predictions for leptonic D + (s) → e + ν e decays. These modes could be hugely enhanced through new pseudoscalar contributions, in fact close to the current experimental upper bounds on the corresponding branching ratios.
The outline of this paper is as follows: in Section 2, we introduce the most general basis of local operators describing (semi)-leptonic D (s) decays, and discuss the resulting low-energy effective Hamiltonian. Furthermore, we exploit the unitarity of the CKM matrix to determine |V cd(s) | without any use of information following from D (s) decay data. In Section 3, we utilize current experimental information on leptonic D (s) decays to constrain the short-distance coefficients for NP contributions. Subsequently, in Section 4 we perform a similar analysis for semileptonic D (s) decays. In Section 5, we use some of the obtained constraints to determine |V cd | and |V cs | in the presence of pseudoscalar NP interactions. In Section 6, we discuss predictions for leptonic D + (s) → e + ν e decays. Finally, we present our conclusions and outlook in Section 7.
2 Theoretical Framework
Low-Energy Effective Hamiltonian
The charged-current interaction processes underlying weak decays of D (s) mesons can be described by local four-fermion operators with their associated short-distance Wilson coefficient functions. Considering all possible Lorentz structures for decays originating from c → d¯ ν or c → s¯ ν transitions (with = e, µ, τ ) and assuming neutrinos to be left-handed, we obtain the following operator basis (with q = d, s) [7] :
The antisymmetric tensor is defined as σ µν ≡ i 2 [γ µ , γ ν ]. Using the appropriate Fierz identity, one can show that the tensor operator with opposite quark chiralities vanishes. In our analysis, it will be convenient to switch to an operator basis that contains a single operator describing the scalar interactions and, similarly, a single pseudoscalar operator. To this end, we define the scalar and pseudoscalar operators in the following way:
The most general effective Hamiltonian containing all possible local operators of the lowest dimension for c → q¯ ν transitions can therefore be written as
where the subscripts V L , V R , S, P and T denote the left-handed vector, right-handed vector, scalar, pseudoscalar and tensor contributions, respectively. In the SM, only the left-handed vector operator is present with an overall Wilson coefficient equal to one. In our analysis, we shall assume real Wilson coefficients for simplicity, i.e. that the NP effects do not involve new sources of CP violation. For a discussion of such effects in the analogous B decays, we refer the reader to Ref. [20] .
|V cd | and |V cs | from Unitarity
The CKM matrix elements V cd and V cs are usually determined directly from leptonic and semileptonic D (s) decays and assuming the SM. In this work, we are investigating these decays, hence we need an independent determination of V cd and V cs . To this end, we adopt the Wolfenstein parametrization [22] of the CKM matrix, exploiting its unitarity. Here, V cd and V cs are related to the Wolfenstein parameters {λ, A, ρ, η}. Including corrections up to O(λ 5 ) yields the following expressions [23, 24] :
The Wolfenstein parameters entering here can be determined without any information from D (s) decays, which is a very advantageous feature of the charm system. The parameters λ and A are related to the CKM elements V us and V cb , respectively. The absolute value of V us is determined from the experimental information on kaon decays and assuming the SM. The current average of the results from semileptonic K 0 S , K 0 L and K ± decays, combined with K → µν(γ) decays, is given as follows [25] :
where the SM has been assumed. For |V cb |, the current world average from exclusive and inclusive semileptonic decays of B mesons to charm takes the following value [25] :
measurements of |V cb | obtained from B(B → D ( * ) τν) are not included. To determine the remaining Wolfenstein parameters, we further exploit the unitarity of the CKM matrix. The side R b of the unitarity triangle (UT) of the CKM matrix together with the UT angle γ allows us to determine ρ and η. For the determination of R b , we use the following current world average for |V ub | obtained from inclusive and exclusive semileptonic B decays assuming the SM [25] :
combined with the result in Eq. (8) . There exist tensions at the 3 σ level between the inclusive and exclusive determinations of |V cb | and |V ub | [26] . However, for our analysis, it has an essentially negligible impact as these CKM parameters enter only through strongly suppressed higher-order corrections: |V ub | appears only in the corrections in Eq. (5), which differ from the leading term by four orders of λ. The angle γ is usually determined from the tree-dominated B → DK decays which yield γ = (73.5 +4.2 −5.1 ) • [25] . However, as possible NP could slightly affect its value, we allow γ to be within [60 • , 80 • ]. Varying γ within this range has a very minor impact. Finally, we obtain the following values for |V cd | and |V cs | from the unitarity of the CKM matrix:
|V cs | = 0.9736 ± 0.0001.
The important feature of these results is that they are independent of possible NP contributions to (semi)-leptonic charged-current charm transitions, which are usually exploited to determine these CKM matrix elements from experimental data. We shall use them as reference values for our analysis discussed below.
Leptonic Decays
Leptonic D + (s) → + ν decays are the simplest and cleanest weak decay class of charmed mesons. All the hadronic dynamics is captured by a single parameter: the D (s) -meson decay constant f D +
(s)
. Leptonic decays of D and D s mesons contain the flavour-changing quark transitions c → d and c → s, respectively. Accurate non-perturbative calculations of the decay constants combined with precise experimental results provide excellent opportunities to perform tests of lepton flavour universality.
In the SM, the branching fraction for leptonic D + (s) decays is given as
where
is the lifetime of the D + (s) meson, and M + D (s) and m are the masses of the D + (s) meson and the lepton ( = e, µ, τ ), respectively. The decay constants f D + and f D + s are determined from lattice QCD calculations. For our analysis, we use the values determined by the FLAG working group [27] :
The resulting leptonic branching fractions in the SM and their experimental values are given in Table 1 . Here, we use the values for |V cd | and |V cs | obtained from unitarity, given in Eqs. (10) and (11) , respectively. For the D (s) → e + ν e decays, only experimental upper bounds are available. This is due to the extremely strong helicity suppression in these processes, which is reflected by the proportionality of the branching fraction to m 2 . However, potential contributions from pseudoscalar NP interactions could lift the helicity suppression in these decays, thereby making them excellent probes for NP.
Constraints on Pseudoscalar Coefficients
As the scalar contributions coming from O S vanish due to parity conservation, we start our NP analysis by considering contributions from new pseudoscalar particles. Using the low-energy effective Hamiltonian in Eq. (4), we complement the SM branching fraction with a pseudoscalar contribution and obtain the following expression: where C P is the short-distance coefficient for the pseudoscalar NP contribution, and m c and m q are the masses of the charm and down (strange) quarks. In these branching fractions, the decay constants are the source of the largest theoretical uncertainties. Moreover, they contain the CKM elements |V cd | or |V cs |, which we would finally like to determine from these decays, also in the presence of NP contributions. With this in mind, we consider the following ratio of two leptonic decays:
This observable is theoretically clean as the decay constants and also the CKM matrix elements cancel. Let us first consider leptonic decays of D mesons. Using the experimental information in Table 1 , we obtain the following value for the ratio between two leptonic D decays with tau leptons and muons in the final state:
where we have utilized the recent first observation of the decay D + → τ + ν τ by the BESIII collaboration [28] . By comparing the experimental value with the corresponding theoretical expression, we determine the allowed regions in the C µ P -C τ P plane. The result is presented in Fig. 1 (left) , where the uncertainties coming from the masses are neglected due to their smallness. The SM prediction (C µ P = C τ P = 0), indicated by the black star, is in agreement with the obtained constraints at the 1σ level. For electrons and muons in the final state, we obtain Comparison with the corresponding theoretical expression allows us to calculate the allowed regions in the C µ P -C e P plane. For the branching fraction B(D + → e + ν e ), only an experimental upper bound is available, resulting in the large wedge-shaped allowed regions in the panel on the right-hand side of Fig. 1 . The SM prediction (C µ P = C e P = 0) lies within the obtained 1 σ contour. A future measurement of B(D + → e + ν e ) would allow us to determine more stringent constraints in the C µ P -C e P plane from the (R e µ ) D ratio, in analogy to the constraints following from (R τ µ ) D . For D s decays, we perform a similar analysis in the presence of pseudoscalar NP. From the experimental information on leptonic D s decays in Table 1 , we obtain the following value for (R τ µ ) Ds : (R τ µ ) Ds = 9.96 ± 0.59.
Using this result, we constrain the corresponding short-distance coefficients. The resulting allowed regions in the C µ P -C τ P plane are shown in the panel on the left-hand side in Fig. 2 . For (R e µ ) Ds , we obtain the experimental value
By comparing our theoretical expression with the experimental information, we obtain the allowed regions in the C µ P -C e P plane shown in the panel on the right-hand side of Fig.  2 . We observe that the obtained 1σ contours for both (R τ µ ) Ds and (R e µ ) Ds contain the SM predictions. We would like to note that also for B(D + s → e + ν e ), only an experimental upper bound is available. A future measurement of this branching fraction would allow us to put more stringent constraints on the relevant NP coefficients. We shall return to D + (s) → e + ν e decays in Section 6.
Constraints on Vector Coefficients
Besides pseudoscalar NP contributions, the SM branching fraction may also be complemented by contributions from additional vector interactions. Including possible left- handed (LH) vector interactions leads to the following branching fraction:
where C V L is the short-distance coefficient for the LH vector interaction. Just as for the pseudoscalar coefficients, we need a theoretically clean observable for the extraction of constraints on the vector coefficients. In analogy to Eq. (16), we define the ratio of two leptonic branching fractions with different leptons in the final state:
We constrain the LH vector coefficients by comparing the theoretical expressions to the experimental information in Eqs. (18) (19) (20) (21) . The obtained allowed regions in the C µ V L -C τ V L and C µ V L -C e V L planes are given in Fig. 3 . We proceed our analysis by considering right-handed (RH) vector NP interactions. The branching fraction including RH vector contributions takes the following form:
where C V R is the short-distance coefficient for the RH vector interaction. Just as for the LH vector coefficients, we define the ratio of two leptonic branching fractions with different leptons in the final state:
Using the experimental constraints, we obtain the allowed regions in the 
Semileptonic Decays
Semileptonic D (s) decays provide further powerful ways to constrain the short-distance NP coefficients. Since they are driven by the same c → d¯ ν and c → s¯ ν quark transitions, these processes are effectively described by the same local operators. Consequently, constraints on the short-distance coefficients coming from semileptonic decays can be utilized to complement those from leptonic decays.
D → P¯ ν Decays
First, we consider the semileptonic D decays of the form D → P¯ ν , where P denotes a pseudoscalar meson. The differential branching fraction is given in the SM as follows [7] :
where q 2 is the four-momentum of the lepton-neutrino pair, satisfying the relation In order to calculate the amplitudes H P V,0 and H P V,s , hadronic form factors are needed, requiring non-perturbative methods. In the literature, various form-factor parametrizations were proposed (for a more detailed discussion, see Appendix A). In Table 2 , the SM branching fractions for semileptonic D → π and D → K decays with electrons or muons in the final states are given, along with their experimental counterparts. For the SM predictions, we used the values of |V cd | and |V cs | in Eqs. (10) and (11), respectively, obtained from the unitarity of the CKM matrix. Furthermore, we applied the lattice results given in Refs. [29] and [30] , adopting double-pole and z-series parametrizations, respectively. As the latter approach results in smaller uncertainties for the branching fractions, we will use it in our analysis outlined below. 
Constraints on (Pseudo)-Scalar Coefficients
Allowing for scalar NP interactions, the differential branching fraction for semileptonic D decays into a pseudoscalar meson and a lepton-neutrino pair takes the following form:
where the term in the square brackets is the SM part. The other terms, containing the NP contributions, are sensitive to the scalar coefficient C S . In order to obtain an observable that is independent of V cd or V cs , we consider the ratio between a leptonic D (s) decay and a semileptonic D decay containing the same quark transition and lepton flavour in the final state. Semileptonic D decays with tau leptons are kinematically forbidden, and for leptonic decays to electrons only an experimental upper bound is available. Therefore, we restrict ourselves to decays with muons in the final state and define the following ratios:
and
These observables are sensitive to the scalar and pseudoscalar coefficients C S and C P . For the D + → π 0 µ + ν µ decay, an isospin factor of 1/2 has to be taken into account since (left) and R µ µ;π − (right). Figure 6 : Allowed regions in the C µ P -C µ S plane using the ratios R µ µ;K 0 (left) and R µ µ;K − (right).
From the measured branching fractions given in Table 2 , we obtain the following experimental values:
By comparing the theoretical expressions for the ratios in Eqs. (29) and (30) with the corresponding experimental values, we constrain the (pseudo)-scalar coefficients. From R µ µ;π 0 and R µ µ;π − , we obtain the allowed regions in the C µ P -C µ S plane shown in Fig. 5 . The results are in agreement with the SM prediction C µ P = C µ S = 0 at the 1σ level. This is also the case for the allowed regions obtained from R µ µ;K 0 and R µ µ;K − , shown in Fig. 6 .
Constraints on Vector Coefficients
Next, we consider contributions from LH and RH vector NP interactions. The differential branching fraction can be written as follows:
In principle, we could define ratios in analogy to Eqs. (29) and (30) given in the previous section, but include vector contributions instead of (pseudo)-scalar ones. However, Eqs. (22) and (33) indicate that the LH vector NP contributions would cancel. On the other hand, in the case of RH vector contributions, they would not cancel due to the relative sign difference, but the structure of the formulae does prohibit the extraction of stringent constraints. We can, however, investigate possible vector NP interactions through ratios between two semileptonic decays with different flavours of leptons. To this end, we define the following observables:
These observables are independent of CKM matrix elements and sensitive to the coefficients C V L(R) , with = e, µ. Hence, they provide interesting opportunities to test lepton flavour universality in D decays. From the measured branching fractions in Table 2 , we obtain the following experimental values:
R e µ;π 0 = 1.06 ± 0.07, R e µ;π − = 1.09 ± 0.05,
and R e µ;K 0 = (9.97 ± 0.24) × 10 −1 , R e µ;K − = 1.04 ± 0.01.
The structure of the theoretical expressions for these observables, following from Eq.
, is identical for LH and RH vector NP interactions. Therefore, the allowed regions in the C µ V L -C e V L and C µ V R -C e V R planes, obtained by comparing these expression with the experimental values, are the same. This is can be seen in Figs. 7 and 8 . Furthermore, as leptonic and semileptonic decays are described by the same operators, we may compare these constraints with the ones obtained from leptonic decays in Fig. 3 (right) and Fig.  4 (right) . The constraints presented there are a significant improvement, resulting from the fact that semileptonic decays do not suffer from helicity suppression. It is interesting to note that the SM predictions, C µ V L(R) = C e V L(R) = 0, lie just outside the 1σ contours in three of the four plots. 
Constraints on Tensor Coefficients
Finally, let us probe the tensor operator in the operator basis given in Eq. (2) through its impact on the semileptonic decays. The differential branching fraction including such tensor interactions is given as
For the amplitude H P T , we use the lattice results obtained in Ref. [31] for the corresponding form factors (for details, see Appendix A). This leads to expressions for the semileptonic branching fractions, dependent on the tensor NP coefficients C T . As the tensor operator in Eq. (2) is antisymmetric in µ and ν, there are no tensor contributions to leptonic decays. Consequently, we cannot probe tensor NP through ratios between leptonic and semileptonic decays. Hence, we take the ratios in Eqs. (34) and (35), but (left) and R e µ;π − (right). allow for tensor contributions instead of vector contributions. These ratios are then sensitive to the tensor coefficients C e T and C µ T . By comparing our theoretical expressions with the experimental information in Eqs. (36) and (37), we determine the allowed regions in the C µ T -C e T plane. The constraints from R e µ;π 0 and R e µ;π − are shown in the panels on the left-and right-hand sides of Fig. 9 , respectively. In the latter case, it is interesting to see that the SM prediction corresponding to C µ T = C e T = 0 is excluded at the 1 σ level. In Fig. 10 , the allowed regions in the C µ T -C e T plane are shown, following from the constraints on R e µ;K 0 (left) and R e µ;K − (right). We observe that in the case of R e µ;K
D → V¯ ν Decays
We continue our analysis of semileptonic D (s) decays by considering decays of the form D → V¯ ν , where V denotes a vector meson. Measurements of the branching fractions for D → ρ and D → K * decays allow us to further constrain the short-distance NP coefficients. In particular, D → V decays are sensitive to the pseudoscalar NP coefficient C P , thereby offering an interesting complement to the constraints following from the leptonic decays in Section 3. The SM expression for the differential branching fraction for D → V¯ ν decays takes the form [7] dB(D → V¯ ν )
where q 2 has the kinematical range
In comparison with the pseudoscalar case, we have now a considerably more complex situation due to the amplitudes
which involve various hadronic form factors. Unfortunately, to the best of our knowledge, the most recent lattice calculation of the D → ρ, K * form factors dates back to 1995 [32] . As significant improvements have recently been made in lattice QCD, a calculation of the D → V form factors exploiting the current state-of-the-art methods would be very desirable for testing LFU in the charm sector.
In our work, we complement the lattice QCD (LQCD) calculation in Ref. [32] with the results from Ref. [33] , using light-cone sum rules (LCSR). The latter calculation is done in the framework of Heavy Quark Effective Field Theory (HQEFT). It should be mentioned that HQEFT, as the name suggests, relies on the assumption of a heavy quark, which in the case of D mesons has to be treated carefully [34] . The definitions and different parametrizations of the form factors are given in Appendix A. The resulting SM predictions for the branching fractions and the corresponding experimental results are summarized in Table 3 . For the SM predictions, we use the values for |V cd | and |V cs | in Eqs. (10) and (11) 
Constraints on Pseudoscalar Coefficients
If we allow for pseudoscalar NP interactions, we obtain the following expression for the differential branching fraction for semileptonic D decays with vector mesons in the final state:
where the terms in the large square brackets represent the SM part. In order to constrain the pseudoscalar NP coefficients C P , we introduce the ratios Table 4 : Allowed values for the coefficients C µ P cd and C µ P cs , obtained through the ratios R µ µ;ρ and R µ µ;K * , respectively, using LQCD [32] and LCSR [33] form-factor information.
Since each of these observables depends on C µ P , they can be used to complement the constraints for this coefficient following from the leptonic D decays. Note that for the D + → ρ 0 µ + ν µ channel, a factor of 1/2 has to be taken into account due to the wave function of the ρ 0 meson. Using the measured branching fractions in Table 3 , we obtain the following experimental values:
These constraints can be converted correspondingly into allowed ranges for C µ P , employing c → d and c → s transitions. The results are listed in Table 4 , utilizing information on the form factors both from LQCD and from LCSR calculations.
We may use the obtained ranges for C µ P to further constrain the allowed regions shown in Figs. 1 and 2 . This yields the vertical bands in Figs. 11 and 12 . The constraints obtained using LQCD and LCSR form-factor information are indicated by the green and yellow bands, respectively. The dashed-dotted lines in Figs. 11 (right) and 12 (right) indicate the correlations arising from C e P = C µ P . In both cases, we find no large discrepancies with the SM predictions where the pseudoscalar NP coefficients vanish.
Constraints on Vector Coefficients
Besides pseudoscalar NP interactions, semileptonic D decays with a vector meson in the final state are also sensitive probes of LH and RH vector contributions from physics beyond the SM. The differential branching fraction in the presence of LH vector NP interactions can be written as
In analogy to decays with pseudoscalar mesons in the final states, the ratio between a leptonic and semileptonic decay does not yield further constraints since the additional LH vector contributions cancel. The differential branching fraction in the presence of RH vector NP interactions is slightly different from the pseudoscalar case [7] :
However, the structure of the formulae does prohibit the extractions of further constraints through the ratio between a leptonic and a semileptonic decay with the same lepton flavour. Therefore, in analogy to Eqs. (34) and (35), we define the following ratios between two semileptonic decays with different flavours of leptons:
From the measured branching fractions in Table 3 , we obtain the following experimental constraints: R e µ;ρ = (9.08 ± 1.75) × 10 −1 , R e µ;K * = 1.02 ± 0.03.
By comparing Eqs. (33) and (44) with each other, it is clear that the contours in the C µ V L -C e V L planes will be of the same shape; the expressions differ only up to a scale-factor. As the form-factor information for D → P decays is significantly more precise than for D → V decays, and the experimental precision is more or less the same, the constraints coming from D → V decays do not improve the constraints in Figs. 7 and 8 . For RH vector interactions, however, the slightly different structure is worth investigating. For R e µ;ρ , this leads to the contour shown in Fig. 13 (left) , and for R e µ;K * , this leads to the contour shown in Fig. 13 (right) . In both plots, the SM prediction is included in the 1σ contours. 
Constraints on Tensor Coefficients
Finally, let us have a closer look at NP tensor contributions, which are the final category of potential NP contributions to semileptonic D decays with a vector meson in the final state. Allowing for such an effect, we obtain the following differential branching ratio:
However, to the best of our knowledge, there is no explicit lattice calculation of the tensor form factors for D → V decays available. In Ref. [33] , the tensor form factors are related to the vector and scalar form factors A 1 , A 2 , A 3 , V in the framework of HQEFT. A lattice determination of the tensor form factors in D → V transitions would be very desirable. However, as currently no lattice information is available for these quantities, we will use the HQEFT relations to obtain constraints, albeit for illustrative purpose. The relations for the form factors are given as follows [33] :
where y = (M 2 D + m 2 V − q 2 )/(2M D ) is the energy of the vector meson. We use the ratios defined in Eq. (46) and allow for tensor contributions instead of vector contributions. Using the HQEFT relations and the experimental information, we find the allowed regions in the C µ T -C e T plane shown in Fig. 14. We observe that the SM points fall just within in the 1 σ regions in both cases.
Determination of |V cd | and |V cs |
The determination of |V cd | or |V cs | is done by exploiting data from charged-current interactions involving c → d¯ ν or c → s¯ ν quark-level transitions, respectively. Usually, these determinations assume just the corresponding SM expressions. However, there may be NP contributions present in these processes, as is the main focus of our analysis. In the case of (semi)-leptonic D (s) decays, their SM expressions could be used to determine |V cd(s) | from the data and non-perturbative information on the hadronic parameters. In Section 2.2, we have determined |V cd(s) | independently of D (s) decays, utilizing the Wolfenstein parametrization of the CKM matrix. Here, we have assumed the SM in the corresponding kaon and B decay processes. Physics beyond the SM may also affect the values of the CKM matrix elements. Consequently, we have probed NP through observables that do not involve such parameters. Combining the theoretical expressions for these observables with experimental information on the branching fractions allows us to constrain NP coefficients, independently of the CKM matrix elements. Finally, having these constraints available, we may use them to extract |V cd(s) | from D (s) decays, even in the presence of possible NP effects in the corresponding transition amplitudes.
The Strategy
In our analysis, we follow a strategy first proposed for B decays in Ref. [20] . It has not yet been applied to the charm sector. Using the NP constraints obtained from the observables R µ µ;ρ and R µ µ;K * , we will finally also determine |V cd | or |V cs | in the presence of pseudoscalar NP contributions. To distinguish the coefficients corresponding either to a c → d transition or a c → s transition, we denote the latter withC µ P . There are three steps in this approach, after which we obtain the CKM matrix elements:
• We start with the expressions for R µ µ;ρ and R µ µ;K * in Eq. (42), which depend only on one coefficient, either C µ P orC µ P . Consequently, we can solve for C µ P orC µ P .
• This results in the functions C µ P (R µ µ;ρ ) andC µ P (R µ µ;K * ). For both functions, there are two independent solutions for the coefficients, corresponding to the two bands shown in Figs. 11 and 12.
• We then evaluate any of the individual branching fractions for each of these ratios and solve for the corresponding CKM matrix element. Comparing the resulting expression to individual measurements of the branching fractions allows us to obtain the value of |V cd | or |V cs |.
|V cd | and |V cs |
We apply the described strategy to leptonic and semileptonic D (s) decays to determine the CKM matrix elements |V cd | and |V cs |. To this end, we recall the following ratios:
which were given in Section 4.2.2, along with the theoretical expressions for the branching fractions including pseudoscalar NP contributions. Using these expressions, we write the ratios as follows:
where V = ρ, K * andα = α f 2 D . To keep the notation clear, the subscript s is omitted; in the case R µ µ;K * the notation D → D s and C P →C P is implied. The integrals I 1 , I 2 , I 3 take the forms
where I 0 = 1/(3π 2 M 2 D ). Note that for R µ µ;K * , an additional factor of τ Ds /τ D should be included, as the decaying D mesons in the leptonic and semileptonic decays are different. We assume the coefficients to be real and solve for C µ V R ,C µ V R . The resulting expressions are the functions C µ P (R µ µ;ρ ) andC µ P (R µ µ;K * ). Subsequently, we insert C µ P (R µ µ;ρ ) andC µ P (R µ µ;K * ) in the expressions for the (semi)-leptonic branching fractions and solve for the corresponding CKM element. For the leptonic branching fractions, this yields:
As there are two solutions for C µ P andC µ P , corresponding to the either of the two vertical bands in Figs. 11 and 12 , we obtain two independent solutions for the each of the CKM matrix elements. Using the form factors calculated in LQCD [32] , these results are equivalent at the current level of precision. In both cases, we obtain
|V cs | = 0.880 ± 0.115. [25] . ∆ |V cd | and ∆ |Vcs| denote the differences between the indicated values in standard deviations.
Using the LCSR [33] form-factor information, we obtain the following results:
|V cs | = 0.992 ± 0.080 ∨ |V cs | = 0.993 ± 0.066.
In Table 5 , we list the values for the CKM elements obtained in Section 2.2, denoted as V UT , the values determined in the presence of pseudoscalar NP, denoted as V NP LQCD and V NP LCSR , and the PDG values, denoted as V PDG . For both |V cd | and |V cs |, the obtained values allowing for pseudoscalar NP agree with the SM and PDG values at the 1σ level. This was to be expected, as we did not find large deviations from the SM when investigating NP contributions. Although our determined values have considerably larger uncertainties, the aim here is to show how to properly account for NP in the determination of CKM elements. Interestingly, there are discrepancies between our UT value and the PDG value assuming the SM of 1.5 σ and 1.4 σ for |V cd | and |V cs |, respectively.
Predictions for Branching Fractions
Now that we have constraints on the pseudoscalar NP coefficients and determinations of the CKM elements at our disposal, we may combine them to make predictions for the following leptonic branching fractions that have yet to be measured:
In the SM, these decays are strongly helicity suppressed, as indicated by the smallness of the corresponding SM predictions in Table 1 . However, this suppression may be lifted by new pseudoscalar interactions. This is shown in Fig. 15 . Here, the branching fractions B(D + → e + ν e ) and B(D + s → e + ν e ) are plotted as a function of the coefficient C e P . The labels "LQCD" and "LCSR" refer to the form-factor information used to determine the relevant CKM elements in the presence of pseudoscalar NP, given in Eqs. (56-59). The grey regions indicate the experimental upper bounds on the branching fractions. In order to illustrate the sensitivity of the branching fractions to the absolute value of C e P , the SM prediction and three predictions for different values of |C e P | are shown in each plot. We see that even a small value for |C e P | has a potentially large effect on the branching fraction, which is a direct consequence of the pseudoscalar NP contributions lifting the helicity suppression in these decays.
At the same time, the obtained constraints on the NP coefficients allow us to predict the branching fractions discussed here in the context of different scenarios related to LFU violation. Let us consider the following scenarios:
• C e P = C µ P . This correlation is indicated by the dashed-dotted lines in Figs. 11 (right) and 12 (right).
• C e P = (m e /m µ )C µ P . This correlation arises, for instance, in the context of a type II Two-Higgs-Doublet model.
• C e P C µ P . We probe the impact of C e P = 10C µ P on the relevant branching fractions.
• C e P C µ P . Similar to the previous scenario, but focusing on the effect of setting C e P = 10 −1 C µ P for the corresponding branching fractions. We use the obtained constraints on C µ P , given in Table 4 , and relate them to C e P in each scenario accordingly. Subsequently, we use the corresponding values for the CKM elements, given in Table 5 , and apply the results to Eq. (15) to obtain a theoretical prediction for the branching fractions B(D + → e + ν e ) and B(D + s → e + ν e ) in each of the scenarios. In Figs. 16 and 17 , we compare our predictions to the corresponding SM predictions, where C e P = C µ P = 0. For the SM prediction, the |V cd(s) | values obtained from unitarity were used. The determination of the relevant CKM elements using LQCD or LCSR form-factor information is indicated by the red and green colours of the bars, respectively. Furthermore, the grey regions indicate the values that are currently already excluded by experiment.
It is interesting to see that in the case C e P = C µ P in Fig. 16 , our predictions for B(D + → e + ν e ) are very close to the experimental upper limit. For B(D + s → e + ν e ) illustrated in Fig. 17 , our predictions using either LQCD or LCSR based form-factor calculations differ substantially, underlining the importance of precise lattice information on the semileptonic form factors. An observation of spectacularly enhanced D + (s) → e + ν e modes close to the current experimental limits would be an unambiguous signal of physics beyond the SM.
Conclusions
We have presented a comprehensive analysis of (semi)-leptonic D (s) -meson decays to constrain possible effects of physics from beyond the SM arising from new (pseudo)scalar, vector and tensor operators, allowing also for violations of LFU. The central role is played by various ratios of decay rates that are independent of the CKM matrix elements |V cd | and |V cs |. In the case of leptonic decays, the decay constants cancel there and in the case of combinations of leptonic and semileptonic decays, ratios of non-perturbative hadronic parameters arise that are usually more precise than the individual parameters.
We obtain a picture in agreement with the SM, including a few deviations at the 1 σ level. Following our strategy, we may also determine |V cd | and |V cs | from the (semi)leptonic decays in the presence of NP contributions. The corresponding results are fully consistent with values arising from the unitarity of the CKM matrix and the Wolfenstein parameterization that do not involve any experimental input from the charm system. We have identified various form factors with interesting potential for future improvement through lattice QCD calculations.
The leptonic D + (s) → e + ν e decays are hugely helicity suppressed in the SM. However, this suppression may be lifted through new pseudoscalar interactions. Using the constraints following from the interplay between leptonic D (s) decays with muon or tau leptons in the final state and D → V¯ ν decays, we illustrate that the branching ratio for D + (s) → e + ν e may be hugely enhanced and could enter the regime close to the current experimental upper bounds. A future observation of these modes would be an unambiguous signal of NP effects.
We look forward to obtaining stronger constraints on possible violations of LFU in the charged-current interactions in D (s) decays in the high-precision era of quark-flavour physics which is ahead of us. 
A.2 D → V
The non-zero form factors for D → V decays in the helicity basis are defined as follows [7] :
where λ V (q 2 ) = [(M D − m V ) 2 − q 2 ][(M D + m V ) 2 − q 2 ]. We use the lattice determination of the D → ρ and D → K * semileptonic form factors from Ref. [32] . The q 2 dependence is obtained through a single-pole parametrization:
where i = 1, 2, 3 and m J P denotes the mass of the meson with spin J and parity P corresponding to the relevant quark transition, i.e., cd for D → ρ and cs for D → K * . The values for the parameters are given in Table 8 . The masses are listed in units of the inverse lattice spacing, which is given by a −1 = (2.73 ± 0.05) GeV. The form factor A 3 is related to the form factors A 1 and A 2 in the following way:
We complement the lattice calculation with the LCSR calculation of Ref. [33] . This work dates back to 2006, but there exists a more recent determination of the D → ρ form factors [35] . In this analysis, the massless lepton limit is taken, neglecting the form Table 8 : LQCD fit parameters for the D → ρ and D → K * form factors, taken from Ref. [32] .
factor A 0 . In our study, we investigate the difference between different lepton flavours, therefore requiring information on A 0 . We therefore utilize the form-factor information of Ref. [33] , where the following double-pole parametrization was adopted:
with F i denoting any of the form factors A 1 , A 2 , A 3 or V . Here, a different convention is used: instead of the set {A 0 , A 1 , A 2 }, the hadronic matrix elements are parametrized by the set {A 1 , A 2 , A 3 }. The relation between the different conventions is given by the following relation [36] :
The results from LCSR for the fit parameters for D → ρ and D → K * transitions are listed in Table 9 .
Decay
Form Factor Table 9 : LCSR fit parameters for the D → ρ and D → K * form factors, taken from Ref. [33] .
